The influence of the joining time and temperature on the flexural strength of B 4 C ceramics joined using an Al sheet was investigated. The B 4 C ceramics were joined over a temperature range 6001400°C for 272 h in vacuum (10 ¹2 10 ¹4 Pa) and in an Ar atmosphere. A joining interlayer with a dense structure was found in the B 4 C joint formed at 1000°C after 2 h in vacuum, and mainly Al was present in this joining interlayer. On the other hand, some voids existed in the joining interlayer in the B 4 C joint formed after 72 h. In addition, Al was not present in this interlayer owing to its reaction with B 4 C as well as the evaporation of Al. Four-point bending tests of the B 4 C joints formed at 1000°C in vacuum for periods ranging from 2 to 72 h were performed at room temperature. The average four-point bending strengths of the B 4 C joints formed after 2 h at 7001100°C were close to that of the B 4 C base material, and the B 4 C ceramics were considered to have successfully bonded. However, the joint strength decreased with an increase in the joining time, and the B 4 C ceramics did not bond at temperatures over 1200°C in vacuum. On the other hand, the B 4 C ceramics did bond at 12001400°C in Ar.
Introduction
Boron carbide (B 4 C) ceramics are an important type of nonoxide ceramics that have high hardness, high elastic modulus, and low density. 1) On account of these desirable physical properties, they have been widely used in the manufacture of semiconductor production equipment, wear-resistant components, super-hard tools, and armor.
2) Nowadays, B 4 C ceramics having large sizes and complex shapes are required for such applications because of changing requirements. For example, steppers are devices that are essential to photolithography, which is a semiconductor manufacturing process that is used to create millions of microscopic circuit elements on the surfaces of tiny Si chips. A typical stepper processes more than 120 Si wafers per hour at a very high speed. Stages and tables are used as stands for the Si wafers in steppers. These stages and tables are made using ceramics such as Al 2 O 3 or SiC instead of metals as they need to have high elastic moduli and low weights. In the near future, it is expected that these stages and tables will need to be made of ceramics with higher elastic moduli, lower densities, and larger sizes in order to be able to process finer electronic circuits on larger-sized Si wafers with higher throughputs. B 4 C ceramics have higher elastic moduli and lower densities than do Al 2 O 3 and SiC. Therefore, they are suitable for the manufacture of such stages and tables. In addition, it is expected that larger-sized B 4 C ceramics will be required as the size of Si wafers used commercially increases from 12 to 16 in. The joining of B 4 C ceramics is considered to be one of the more promising and effective approaches for producing large-sized B 4 C components for such applications.
Cockeram
3) previously investigated the joining of B 4 C ceramics. In this study, B 4 C ceramics for use in high-temperature applications were joined using foils of refractory metals such as Ti and Mo. He investigated the joining of B 4 C ceramics at 1500°C over a period of 10 h under a pressure of 18.6 MPa using various foils. Microstructural observations indicated that the Mo foil was the most suitable bonding material for the joining of B 4 C ceramics. On the other hand, for low-temperature applications such as the manufacture of Si wafers, a low-melting-point metal phase could instead be used to realize lower joining temperatures. However, there have not been any studies that have focused on the joining of B 4 C ceramics at low temperatures. It is well known that Al has a low melting point, which is 660°C, and that it is an effective sintering additive for the preparation of B 4 C ceramics. 4)6) Kumazawa et al. 4) reported that B 4 C compacts were pressurelessly sintered using Al gas and a Si compound gas derived from SiC. Miyazaki et al. 5) studied the microstructure of B 4 C ceramics pressurelessly sintered in an Ar atmosphere containing Al gas and a Si-compound gas. We studied the influence of the joining pressure and surface roughness on the flexural strength of B 4 C ceramics joined using Al at 1000°C for 2 h. 7) It was found that the flexural strength of the B 4 C joint was similar to that of the B 4 C base material if it was formed under a joining pressure of more than 12 kPa and the surface roughness (Ry) ranging from 0.1 to 1.7¯m.
In addition, the reaction between B 4 C and Al has been studied extensively in order to determine the wetting properties, which were evaluated by means of measuring the contact angle of liquid Al on a B 4 C ceramics, as well as with a view of applying the reaction in the manufacture of composites. 8)15) Using XRD analysis, Viala et al. 8) investigated the products resulting from the reaction of B 4 C and Al in the temperature range of 6271000°C over a time period range of 3400 h. They reported that the relative amounts of the reaction products such as Al 3 BC, AlB 2 , and Al 3 B 48 C 2 increased with the reaction temperature and soaking time. In addition, they reported that AlB 2 was replaced by Al 3 B 48 C 2 at temperatures above 868°C. Arslan et al. 9) reported that the amounts of AlB 2 and Al 3 BC present in B 4 C/Al composites were dependent on the temperature (9851370°C) and soaking time (10 min to 2 h). Lin et al. 10) investigated the wetting properties of liquid Al on a B 4 C substrate at 9001200°C and reported that the contact angles decreased with reaction temperature and soaking time because Al 3 BC, AlB 2 , Al 3 B 48 C 2 , and Al 2.1 B 51 C 8 were produced in the interlayer. All of these previous studies suggest that the reaction between B 4 C and Al is strongly dependent on the temperature and soaking time.
In the present study, therefore, strength tests of the B 4 C joints formed using Al at different temperatures and soaking times as well as microstructural observations of the joining interlayer were carried out to elucidate the influence of the joining time and temperature on the flexural strength of the B 4 C joints.
Experimental procedure
B 4 C ceramic plates having a density of 2.40 g/cm 3 (95.2% of the theoretical density) and a room-temperature bending strength of 240 « 14 MPa were purchased (Mino Ceramic, Nagoya, Japan) and used as the base materials (dimensions: 20 mm © 25 mm © 5 mm) for the strength tests of the joints. The surfaces of the B 4 C ceramic plates (25 mm © 5 mm) were ground using a #200 diamond wheel, and the surface roughness, Ry, of the joining faces was measured and found to be 1.21.7¯m. An Al sheet (thickness = 10¯m; purity > 99.0%; Nilaco, Tokyo, Japan) was sandwiched between two ground B 4 C ceramic plates. The B 4 C AlB 4 C sandwich was stabilized using a jig made of carbon (ET-10; Ibiden, Gifu, Japan). This is because stabilizing with a carbon jig had the effect of the joining pressure of more than 12 kPa. 7) It is thought that compressive pressure was applied to the B 4 CAlB 4 C sandwich because the coefficient of thermal expansion of the carbon jig was lower than that of B 4 C ceramic plate. The joining was performed at temperatures of 6001400°C and soaking times of 272 h either in vacuum (10
¹2

10
¹4 Pa) or in a furnace in an Ar atmosphere at a constant pressure of 0.12 MPa.
The joined samples were cut into pieces having dimensions of 3 mm © 4 mm © 40 mm, and they were ground using a #400 diamond wheel until the roughness, Ra, was less than 0.2¯m. Their flexural strength was measured using a four-point bending test with an inner and outer span of 10 mm and 30 mm, respectively, at a displacement rate of 0.5 mm min ¹1 on a universal testing machine (Sintech 10/GL; MTS Systems, USA). Three samples were used for each joining condition. Six samples of the B 4 C base material were tested.
The phase identification of the B 4 C joint was carried out using XRD analysis with Cu-K¡ radiation at 40 kV and 300 mA (RINT 2500HF; Rigaku, Tokyo, Japan). The surfaces of the joints formed were polished using a cross-section polisher (SM-09010; JEOL, Tokyo, Japan), and they were then observed using fieldemission scanning electron microscopy (FE-SEM) at 7.5 kV (JSM-7000F; JEOL, Tokyo, Japan). The elemental compositions of the interlayers were analyzed using a field-emission electron probe microanalyzer (FE-EPMA) at 710 kV (JXA-8500F; JEOL, Tokyo, Japan). Thin joint specimens were prepared using an ion slicer (EM-09100IS; JEOL, Tokyo, Japan) and were observed using transmission electron microscopy (TEM) at 200 kV (JEM-2100F; JEOL, Tokyo, Japan).
The finite element method (FEM) was used to evaluate the residual thermal stress in the B 4 C joint as it was cooled down from 1000 to 20°C.
3. Results and discussion 3.1 Dependence of flexural strength on joining time 3.
Microstructures of the B 4 C joints
In the present study, we selected typical B 4 C joints formed using Al at 1000°C for a period of 2 h (BCA2 joint), for 16 h (BCA16 joint), and for 72 h (BCA72 joint) and studied their phase contents and microstructures. In addition, the effects of these parameters on the B 4 C joint strength in this B 4 C/Al system were also studied.
Figures 1(a)1(c) show the microstructures at the interface of the BCA2 joint. Completely dense interlayers and a crack-free interface can be observed. Additionally, the microcracks in the surface of the B 4 C ceramic were permeated and filled by the Al phase. In Fig. 1 , on the basis of the color contrast, some new phases could be observed within the interlayers. To identify their compositions, the BCA2 joint was analyzed using an electron microprobe analyzer (EPMA), and the results are listed in Table 1 as points ①, ②, ③, and ④. For instance, the gray phase within the interlayer [③ in Fig. 1(b) ] primarily consisted of B and Al in a ratio of around 2:1. This was consistent with the AlB 2 phase. Similarly, Al and Al 3 BC were also observed in the interlayer. It is noteworthy that Al 3 B 48 C 2 was observed at some places in the BCA2 joint [ Fig. 1(c) ]. Figure 2 shows the XRD profiles of the joining surfaces. B 4 C and Al were identified mainly in the interface of the BCA2 joint. Al 3 BC, AlB 2 , and Al 3 B 48 C 2 were not present. Therefore, Al was present mainly in the interlayer of the BCA2 joint, and compounds of B 4 C and Al such as Al 3 BC, AlB 2 , and Al 3 B 48 C 2 were present in amounts that were too small to allow their identification.
Figures 1(d)1(f ) show the microstructures at the interface of the BCA72 joint. Some voids were observed in the joining interlayer of the BCA72 joint. As seen in Fig. 1(e) , a few phases could be observed within the interlayer. Analysis using an EPMA was carried out on this joint as well, and the results are also listed in Table 1 , as points ⑤ and ⑥. Al 3 BC and Al 3 B 48 C 2 were observed in the joining interlayer but not Al and AlB 2 . According to Fig. 2 , B 4 C and Al 3 BC were identified in the joining interlayer of the BCA72 joint. However, a peak corresponding to Al 3 B 48 C 2 was not observed. It is assumed that Al 3 BC existed mainly in the joining interlayer of the BCA72 joint and that Al 3 B 48 C 2 , which was observed using SEM and EPMA analysis, was present in a very small amount.
Viala et al. 8) reported reacting B 4 C and Al at temperatures ranging from 627 to 1000°C over periods ranging from 3 to 400 h. They found that Al and B 4 C were rapidly consumed in the B 4 C/Al system at 727°C over periods ranging from 3 to 50 h, and the amounts of Al 3 BC and AlB 2 present increased. The decomposition of AlB 2 occurred at 892°C after 160 h, following which Al 3 BC and Al 3 B 48 C 2 produced from B 4 C and liquid Al were observed at 1000°C for 160 h. They concluded that AlB 2 was replaced by Al 3 B 48 C 2 at temperatures above 868°C and that Al 3 BC and Al 3 B 48 C 2 could exist stably in the B 4 C/Al system at 1000°C. In our study, all of the Al reacted completely with B 4 C at the joining interface. As a result, Al 3 BC and Al 3 B 48 C 2 were formed at 1000°C after the B 4 C ceramics had been joined for 72 h. The reaction at the BCA72 joint was in good agreement with that of the B 4 C/Al system as reported in a previous study. 8) It is considered that the following reaction occurred at the joint at 1000°C over a time period of 72 h. , respectively. From the theoretical density of Al, the volume of Al per mole was estimated to be 10 cm 3 and that of B 4 C, which is consumed in reaction (1), was 7.8 cm , and that of the reaction products after the reaction was estimated to be 17.0 cm 3 . Thus, it is considered that the volume of the materials that formed the joint decreases by approximately 5% after the reaction. Hence, the change in the volume after the reaction between B 4 C and Al was not very large.
The vapor pressure curve for Al is shown in Fig. 3 .
18) It was assumed that the vapor pressure of Al at 1000°C was the upper level of the vacuum condition used in this test. Therefore, it was expected that the evaporation of Al would occur slowly at 1000°C. This is why voids were not observed in the joining interface of BCA2 (B 4 C ceramics joined at 1000°C for 2 h in vacuum), but several voids existed in that of BCA72 (B 4 C ceramics joined at 1000°C for 72 h in vacuum). The evaporation of Al is considered to be one of the reasons why voids were observed in the BCA72 joints.
On the other hand, Al existed as the main phase in the BCA2 joint. Al 3 BC and AlB 2 clusters were observed in the Al layer, and Al 3 B 48 C 2 was observed at some places. Arslan et al. 9) reported that B 4 C, Al, AlB 2 , and Al 3 BC were present in the B 4 C/Al composites formed after bonding at over 985°C for 10 min. Lin 10) studied the dependence of the contact angle between the B 4 C substrate and liquid Al on the temperature and soaking time as well as the relationship between the wetting properties of liquid Al on the B 4 C substrate and the reaction products formed at the interface. They reported that Al 3 BC and AlB 2 could be identified at the interface between B 4 C and Al at 1000°C after 10000 s. This is consistent with our results. It is thought that Al and AlB 2 were formed in the joining interlayer because the reaction between B 4 C and Al was not at equilibrium after 2 h at 1000°C. Therefore, a void-free joining interlayer was observed in the BCA2 joint. Figure 4(a) shows the relationship between the joining time and the four-point bending strength of the B 4 C joints. Figure 4(b) shows the fracture surfaces of the joined B 4 C ceramics after the four-point bending test. The strength of the B 4 C joints formed for a period of 2 h (BCA2) was 227277 MPa, suggesting that the joined samples had high strengths that were similar to those of the base material. In addition, the BCA2 samples generally fractured at the base material, several millimeters away from the joining layer, indicating that the bonding of the B 4 C substrates by the Al interlayer in the case of the BCA2 joint was strong.
Flexural strength of the B 4 C joints
However, in the case of the BCA16 joint, two out of three samples fractured at the joint and so did the three BCA72 samples, as see in Fig. 4(b) . Therefore, it can be said that the strengths of the B 4 C joints decreased with an increase in the joining time.
The XRD profiles of the joining surfaces are illustrated in Fig. 5(a) . The peak at 38.47°, which has the strongest intensity, is attributable to the (111) plane of Al. This peak was not observed in the B 4 C base material but was detected in the BCA2 and BCA16 joints and disappeared in the BCA72 joint. Figure 5(b) shows the relationship between the intensity of the peak of the (111) plane of Al and the flexural strength of the B 4 C joint. The strength increased with the intensity of the Al peak. This result indicates that the existence of Al in the joining interlayer was one of the reasons for the high strength of the BCA2 joints.
A three-dimensional FEM analysis was used to evaluate the residual thermal stress when the joint was cooled down from 1000°C to 20°C. A 10-¯m-thick layer of Al was sandwiched between two B 4 C plates having dimensions of 20 mm © 25 mm © 5 mm. Figures 6(a) and 6(b) show the model and the mesh used for the FEM calculations. Owing to the configuration of the joined B 4 C ceramics, a Z-axis symmetrical model was built. Then, only a quarter of the model was used for the calculation as is shown in Fig. 6(a) . 8-node elements were used. The dimensions of the mesh used for the portion of the B 4 C substrate that was over 2 mm away from the joining interlayer were 1 mm © 1 mm © 1 mm. The dimensions of the mesh used for the portion of the B 4 C substrate that was within 2 mm from the interlayer were 0.1 mm © 0.1 mm © 0.1 mm, and those of the mesh used for the interlayer were 0.01 mm © 0.05mm © 0.05 mm. The boundary conditions for the FEM calculations were as follows. It was assumed that B 4 C had the following thermomechanical properties: elastic modulus (E) = 400 GPa; Poisson ratio = 0.175; bulk density = 2.40 g/cm High stresses were noticed in the Al layer and at the edges of the B 4 C plates near the joining interlayer. In particular, by using this model, it was found that the stress in the Al layer was the highest and was determined to be around 370 MPa from the FEM calculations. This value implied that the residual stress was greater than the fracture strength at the Al side of the joining interface. However, cracks were not observed in the BCA2 18) sample. Nicolas et al. 19) studied diffusion-bonded joints between alumina and BS321 stainless steel. They used an Al interlayer to mitigate the stresses due to the mismatch in the thermal contraction rates of alumina and stainless steel. Figures 7(a) and 7(b) show the representative TEM micrographs of the B 4 C/Al interface in the BCA2 joint. Some dislocations can be seen in the Al side. Moreover, on the basis of the contrast in the micrograph, strains in Al can be observed along the interface. This suggests that Al deformed plastically. The presence of the dislocations in Al and the plastic deformation of Al were related to the relaxing of the residual stress, which was due to the difference in the thermal expansion coefficients of B 4 C and the interlayer. It is assumed that Al mitigated the stresses due to the mismatch in the thermal contraction rates of B 4 C and the interlayer in the BCA2 joint. On the other hand, voids were observed in the interlayer of BCA72. It was predicted that the residual stress in the interlayer of BCA72 was released by the expansion of the voids because of the consumption of Al by the reaction as well as its evaporation. This, in turn, led to the strength of the BCA72 joints becoming lower than that of the BCA2 joints.
3.2 Dependence of flexural strength on the joining temperatures of the joints formed in vacuum and in an Ar atmosphere
Next, the effect of the temperature on the flexural strength of the B 4 C ceramics joined for 2 h over a temperature range of 6001200°C in vacuum was investigated. The strength of the B 4 C joints varied from 220 to 278 MPa over the temperature range of 7001100°C. The strength of the joined samples was close to that of the base material. B 4 C successfully bonded at temperatures ranging from 700 to 1100°C. The microstructures at the joint interface of the B 4 C ceramics joined at 700°C and 1100°C were similar to each other, and mainly contained Al and compounds formed by the reaction between B 4 C and Al. 20) However, the B 4 C plates did not bond at 600°C because the joining temperature was lower than the melting point of Al (660°C). In addition, the B 4 C plates did not join properly at 1200°C as well.
According to Fig. 3 , the vapor pressure of Al at 1200°C was much higher than that for the vacuum conditions in this study. Therefore, Al in the joining interlayer was vaporized, and the B 4 C ceramics did not join after 2 h at 1200°C in vacuum.
In order to mitigate the effect of Al evaporation on the strength of the joined B 4 C ceramics, the joining tests were conducted in an Ar atmosphere. Figure 8(b) shows the relationship between the joining temperature and the flexural strength of the B 4 C ceramics joined for 2 h in Ar. Again, the B 4 C ceramics did not bond at 600°C but joined in an Ar atmosphere at temperatures ranging from 700 to 1400°C. In addition, the B 4 C ceramics did bond at 1200°C in the Ar atmosphere. Figure 9 shows the XRD profiles of the joining surfaces of the B 4 C ceramics joined in vacuum and in the Ar atmosphere at 1200°C. A peak indicating the (111) plane of Al was observed in the sample joined in Ar, but not in the sample joined in vacuum. The evaporation of Al in Ar did not occur as readily as was the case in the vacuum. Hence, the strength of the B 4 C joint formed at 1200°C in Ar was higher in vacuum. Figure 10 shows the Weibull distribution for the flexural strength of the B 4 C ceramics joined using Al in vacuum at temperatures ranging from 700 to 1100°C and for those joined in Ar at temperatures ranging from 700 to 1400°C. In vacuum, the maximum and minimum strengths were 278 and 213 MPa, respectively, and the Weibull parameter (m) was 13.8. In Ar, the maximum and minimum strengths were 274 and 148 MPa, respectively, and the Weibull parameter was 7.9. The deviation in the strength of the ceramics joined in Ar was larger than that in vacuum. The samples joined in Ar tended to fracture at the joining interlayer more easily than did those joined in vacuum. Figure 11(a) shows the fracture surface of the B 4 C ceramics joined in Ar after the bending test, and Fig. 11(b) shows microstructure of the joining interlayer of the B 4 C ceramics joined in Ar at 1000°C for 2 h. Several distinct voids were observed in the joining interlayer of the B 4 C ceramics joined in Ar, and these voids were not observed in the case of ceramics joined in vacuum. In vacuum, the internal pressure of the voids decreased with a decrease in the external pressure around the Fig. 9 . X-ray diffraction patterns of the interface of B 4 C ceramics joined using Al at 1200°C for 2 h in vacuum and in Ar. molten Al, and the voids increased in volume in accordance with the combined gas law. The larger voids stayed afloat owing to the buoyancy in accordance with Stokes' law. Eventually, these voids were eliminated from the joining interface. It is assumed that the voids in the molten Al in Ar were not affected in this manner. Therefore, these voids could be filled more readily in the case of the B 4 C ceramics joined in vacuum than in those joined in Ar.
Conclusions
The influence of the joining time and temperature on the flexural strength of B 4 C ceramics joined using an Al sheet was investigated. B 4 C ceramics were joined at temperatures ranging from 600 to1400°C over periods of 272 h, both in vacuum (10
¹2
10
¹4 Pa) and in an Ar atmosphere. A completely dense interlayer and crack-free interfaces were observed in the specimens joined for 2 h at 1000°C in vacuum (BCA2). The average four-point bending strength of the BCA2 joint was similar to that of the B 4 C base material. This meant that the B 4 C ceramics bonded successfully. On the other hand, several voids were observed in specimens bonded for 72 h at 1000°C in vacuum (BCA72), and Al was not present in the joining layer. The strength of the B 4 C joints decreased with an increase in the joining time. It is assumed that the strength of the BCA72 joint was lower than that of the BCA2 joint because of the generation of voids in the joining interlayer of the BCA72 sample. This was also so because it was more difficult for the relaxation of the residual stress in the joint to take place by the dissipation of Al due to the reaction between B 4 C and Al as well as its evaporation. B 4 C ceramics successfully bonded at temperatures ranging from 700 to 1100°C when joined for a period of 2 h in vacuum. However, B 4 C ceramics did not bond at 1200°C owing to the accelerated evaporation of Al. Therefore, the flexural strength tests were conducted in an Ar atmosphere because the evaporation of Al was mitigated and the B 4 C ceramics bonded properly at temperatures over 1200°C in Ar. However, the deviation in the strength of the B 4 C ceramics joined in Ar was larger than that of the B 4 C ceramics joined in vacuum because of the residual voids in the joining interlayer.
It was found that the existence of Al in the joining interlayer, which was affected by the joining time and temperature, caused the higher strengths of the B 4 C joints formed using Al.
